abstract
Cryoprobes create localized cell destruction through freezing. Bone is resistant to temperature flow but is susceptible to freezing necrosis at warmer temperatures than tumor cells. Few studies have determined the thermal conductivity of human bone. No studies have examined conductivity as related to density. The study goal was to examine thermal conductivity in human bone while comparing differences between cancellous and cortical bone. An additional goal was to establish a relationship between bone density and thermal conductivity. Six knee joints from 5 cadavers were obtained. The epiphyseal region was sliced in half coronally prior to inserting an argon-circulating cryoprobe directed away from the joint line. Thermistor thermometers were placed perpendicularly at measured increments, and the freezing cycle was recorded until steady-state conditions were achieved. For 2 cortical samples, the probe was placed intramedullary in metaphyseal samples and measurements were performed radially from the central axis of each sample. Conductivity was calculated using Fournier's Law and then plotted against measured density of each sample. Across samples, density of cancellous bone ranged from 0.86 to 1.38 g/mL and average thermal conductivity ranged between 0.404 and 0.55 W/mK. Comparatively, cortical bone had a density of 1.70 to 1.86 g/mL and thermal conductivity of 0.0742 to 0.109 W/mK. A strong 2-degree polynomial correlation was seen (R 2 =0.8226, P<.001). Bone is highly resistant to temperature flow. This resistance varies and inversely correlates strongly with density. This information is clinically relevant to maximize tumor ablation while minimizing morbidity through unnecessary bone loss and damage to surrounding structures. [Orthopedics. 2017; 40(2):90-94.] siderably warmer than the -40°C to -60°C required to cause necrosis in many metastatic and primary tumors.
10 Destruction through the previously described mechanisms is also thought to trigger a delayed immune response toward pathologic cells, resulting in decreasing size of metastatic lesions separate from the lesion undergoing cryoablation.
11
Thermal conductivity is an intrinsic property describing a material's resistance to temperature flow, similar to how electrical conductivity describes a material's ability to conduct electricity. As such, it is important to characterize the intrinsic resistance toward the freezing process in human bone to preserve as much surrounding quality bone as possible when treating musculoskeletal tumors by cryoablation. In addition, knowledge of the temperature profile can aid a surgeon in avoiding damage to nearby nerves, vessels, or other important anatomic structures.
Some studies have recently investigated the localized effects of muscle when exposed to freezing temperatures. 12 Currently, few studies have been performed regarding thermal conductivity of bone and most have been investigations into the properties of animal bone. [13] [14] [15] At this time, it appears no studies have been attempted to quantify thermal conductivity of bone as it relates to other measurable intrinsic values, such as density.
The current study was designed to determine the thermal conductivity of human bone and to categorize differences in the thermal conductivity in cancellous vs cortical bone. The authors also attempted to determine whether there was any significant correlation of conductivity of bone with its density. Establishing this relationship will significantly aid a surgeon in surgical planning because density can be determined preoperatively through radiography or intraoperatively with bone samples prior to ablation. Having this information available will assist a surgeon in patient-specific clinical decision making regarding appropriate placement of cryoprobes, as well as length of freezing time required to produce desired tumor destruction, minimization of bone loss, and preservation of nearby anatomical structures (ie, nerves and vessels).
Materials and Methods
The materials for this study were funded or supplied by Endocare (Austin, Texas). Six knee joints were obtained: 2 from a 60-year-old man, 1 from an 83-year-old man, and 1 from a 71-year-old woman all without a known history of musculoskeletal pathology. One knee was obtained from a 78-year-old female smoker with history of osteoporosis, and another from a 69-year-old woman with a documented history of rheumatoid arthritis in the hands and feet.
Each tibia and femur was cut in half in the coronal plane with a band saw to make a total of 12 epiphyseal specimens. In each of the samples the thermistor thermometers were placed on alternating sides with increasing distance away from the probe ( Figure 1A) . Each sample was incubated to body temperature (37.5°C) in a humidifier until just prior to experimentation.
A 2.4-mm, argon-circulating cryoprobe (Endocare PCS-24) with a built in thermistor thermometer was inserted proximally to distally in relation to the joint and the 6 thermistors were placed at 2-mm increments perpendicularly from the probe. Cryoprobe freezing was initiated and maintained at -150°C for 10 minutes to achieve thermal steady-state conditions. Steady-state was determined by minimal temperature change across all probes for 2 minutes while recording.
Known inputs were then combined with measured outputs to empirically determine the thermal conductivity of human bone using a derivation of the equation for thermal conduction (Figure 2) to apply to the relevant 3-dimensional (3D) shape. The 3D derivation calculations were performed by one of the authors (K.E.W.) who has relevant training in biological engineering. For the cancellous sections, the distribution was approximated to an ellipsoid. After all freezing experiments were completed, each cancellous area observed with thermistors was cut into a 12×5×5-mm cubed section. For the cortical samples, 30-mm shaft segments were used. Mass measurements were taken on a gram scale, and volume was determined by water displacement in a graduated cylinder using Archimedes' principle because this method has shown accurate readings with in vitro samples. 16 The shaft from 2 samples was preserved for cortical bone measurements.
In the cortical experiments, a 2.4-mm cryoprobe (Endocare PCS-24) was inserted intramedullary, and thermistors were placed at measured distances away from the probe (Figure 1B) . The freezing process was repeated in the same manner as the cancellous samples. Temperature, weight, and volume measurements were recorded. The same formula was applied, but in this case the thermal distribution was approximated to a cylinder and 2 points away from the probe were compared.
Averages and standard deviations were plotted on a scattered plot. Based on the distribution, a polynomic trend line was placed. To avoid overfitting of the current sample, an analysis of variance was run in the open-sourced software, "R" (Version 3.2.2, 2015-12-10; The R Foundation for Statistical Computing) on each variable of the calculated best-fit line to assure significance.
results
The freezing profile of the probe was an ellipsoid shape, as expected for this probe. Figure 3A illustrates the expected ice ball formation, as depicted in the Endocare brochure based off measurements in a gelatin formula. Figure 3B shows pictures taken during the experiment showing the same ellipsoid shape in bone. Bone appears to be extremely resistant to temperature flow during the freezing process, as suggested by the calculations of thermal conductivity. In Figure 4 , a graph illustrates the temperature profile at various distances away from the cooling source over time for samples with density measurements within 1 standard deviation of the mean density for the experiment. At 10 minutes, the average temperature was -34.18±17.3°C at 2 mm, -26.18±9.06°C at 4 mm, -14.07±10.76°C at 6 mm, -4.23±7.46°C at 8 mm, 4.51±6.16°C at 10 mm, and 12.16±4.59°C at 12 mm.
Manipulating Fournier's Law to apply to 3D shapes, and with a known cooling capacity of approximately 21 W, the authors were able to calculate the thermal conduc- tivity of each sample. Each measurement was considered as an individual data point. Average density of each sample was also calculated by dividing mass by volume. The density of cancellous bone averaged 1.14±0.15 g/mL (95% confidence interval [CI], 1.07-1.19 g/mL), and the average thermal conductivity was 0.47±0.026 W/mK (95% CI, 0.45-0.49 W/mK). Comparatively, cortical bone had an average density of 1.78±0.112 g/mL (95% CI, 1.63-1.94 g/mL) and a thermal conductivity of 0.092±.025 W/mK (95% CI, 0.06-0.13 W/mK). Average density vs average thermal conductivity for each sample is plotted in Figure 5 . The resulting data illustrated a strong second degree polynomial trend line with an R 2 value of 0.82 (P<.001). Interestingly, in the cancellous samples, significant differences in density were observed when comparing samples taken on either side of the cryoprobe in the same bone. Lateral samples had a tendency toward a higher density compared with more medial samples. Of note, the authors unexpectedly observed variations in thermal conductivity across different distances within each of the cancellous samples. This is illustrated by the wider standard deviation in these samples compared with cortical bone.
discussion
Most studies performed to date to illustrate bone's high resistivity to temperature flow have focused on animal bone as a surrogate for human bone. Because bone is susceptible to necrosis at cold temperatures that are much higher than what is needed to destroy most tumors, it is important to quantify its thermal conductivity to afford surgeons the ability to make a decision that will maximize tumor destruction while minimizing morbid outcomes related to bone loss and inadvertent damage to surrounding structures.
The current experiment shows that human bone is highly resistant to temperature flow. The thermal conductivity in the cancellous bone samples ranged from 0.404 to 0.55 W/mK, whereas cortical bone was much more resistant to temperature flow, with a thermal conductivity of 0.0742 to 0.109 W/mK. The cancellous values are comparable with studies performed in bovine femora cortical bone specimens that showed a thermal conductivity of 0.53±0.030 W/mK. 13 This similarity between human cancellous bone and bovine cortical bone may be related to bony mineral and architectural differences between humans and cows. 17 However, Davidson and James 13 concluded that bovine cortical bone is thermally isotropic due to insignificant deviations in measurements, an observation that was similarly noted within the current experimental cortical measurements.
In addition, the authors were able to show that average density has a strong inverse correlation with thermal conductivity. Variations in cancellous thermal conductivity were illustrated not only from one side to another, but also from within an individual sample. This suggests that cancellous bone has lower homogeneity. On the other hand, cortical bone had the lowest conductivity, lowest intra-sample variation, and highest density. As a comparison, cancellous bone conductivity was equivocal to that of blood or water, 18 whereas cortical bone thermal conductivity was similar to that of cork, which measures at 0.082 W/mK. 19 The values for thermal conductivity can be used to calculate the necrotic zone, where temperature drops below 0°C, in cryoprobe freezing ablation. However, Figure 4 suggests that bone within 1 standard deviation of the current experiment's average cancellous density (1.14±0.15 g/mL) will have a necrotic zone of approximately 8 to 10 mm during freezing ablation with a -150°C cooling source during a 10-minute freeze cycle.
This study was limited by the human error associated with placing thermistors at small increments. However, these increments were necessary to detect temperature changes in such temperature resistive materials. The authors attempted to limit these errors by analyzing the average of multiple data points within a single sample. The experiment was also limited by a small sample size of cortical bone samples. Statistical significance was still demonstrated due to the strength of the correlation between density and thermal conductivity.
Because this was a cadaveric study, the authors were unable to replicate blood flow. However, this does not affect the clinical significance of this study for two reasons. First, thermal conductivity is an intrinsic property that does not change based on the introduction of heat to this cooling system. Any heat flowing in an in vivo setting would reduce the volume of the ice ball formation and may result in a small factor of safety when preoperatively calculating the thermal distribution. Second, cryoablation clinically uses multiple freeze-thaw cycles to better ensure tumor necrosis. During the first cycle, much of the local vasculature is destroyed beyond repair and would result in insignificant influx of heat for any repeat cycles. 9 The sample temperature was raised to 38°C prior to freezing to obtain a consistent starting point across all samples and to illustrate the temperature drop from physiologic temperatures. However, in a steady-state temperature profile, the starting temperature is inconsequential.
The authors justified the comparison of cancellous and cortical bone because they are minerally similar but have architectural differences resulting in density variations. This is also clinically relevant because most tumors are frozen in a cortical-cancellous setting.
conclusion
As expected, bone is a poor conductor of thermal flow and, therefore, resistive to thermal profile changes even at extreme temperatures. There is a strong, statistically significant relationship between density and thermal conductivity described by a polynomial regression. In less dense bone, such as cancellous bone, the thermal conductivity plateaus at a value similar to water or saline. As bone density increases, there is a steep decline in the thermal conductivity value. This knowledge can be useful in developing predictive thermal models in ablative techniques that utilize freezing and/or heating as thermal conductivity is an intrinsic material property.
Moving forward, the information obtained could allow surgeons to calculate the amount of bone necrosis a patient might experience during cryoablation of a musculoskeletal tumor, as well as plan probe placement and coordination of the freeze-thaw cycles in such a way to avoid injury to other local structures, such as arteries and nerves. Furthermore, if true density information can be reliably and accurately correlated radiographically, then the potential for preoperative planning using 3D imaging and mathematical thermal models will increase drastically.
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